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I.
ABSTRACT.
We have studies charge transport and developed high-efficiency, solid-state photodetectors using large-area arrays of vertically-aligned, gallium nitride (GaN) based core-shell p-i-n (PIN) diodes. The proposed design can potentially produce photodetectors with efficiencies comparable to or better than traditional photomultiplier tubes (PMTs) with significant reduction in Size, Weight, and Power (SWAP). Current C-WMD operational capability is severely limited when utilizing PMTs, given their fragility and performance instabilities when exposed to external stimuli such as vibration, E-or B-fields and high photon fluxes. Nanoengineered nitride-based PIN diodes can completely circumvent these issues and bring to bear an unprecedented level of ruggedness and performance. Through this Fundamental Research program we will demonstrate a pathway to C-WMD detectors with high gain (M ≥ 50,000), low excess noise factor (F<5) and large areas (arrays with 1-10 mm 2 pixel size), which are insensitive to a battery of external stimuli.
The nitride material system, with tunable direct bandgaps (200 nm for AlN to ~1 m for InN) and robust material properties, is ideally suited for the development of visible-blind UV photodetectors needed for the next-generation of scintillators in field-deployed radiation detectors. Traditional GaN based thin-film photodetectors suffer from strain, defects, and detrimental polarization effects resulting from heteroepitaxial growth of thin layers on nonnative substrates. Although bottom-up growth methods (e.g. catalyst-based nanowire growth) have shown significant promise in terms of realizing defect-free structures, they face insurmountable challenges in scaling up and reproducibility necessary for large-area applications. Our approach combines the precision and scalability of top-down processing with the enhanced material quality obtained through selective epitaxy to realize these structures. Vertically-aligned, radial core-shell architecture allows for significant defect reduction, strain engineering, polarity controlled growth, and transformative new device designs -otherwise not possible in traditional thin-film structures. This project successfully combines University of Maryland team's unmatched experience in nitride device design and fabrication with Northrop Grumman's expertise in nitride materials growth and radiological/nuclear detection systems, and National Institute of Standards and Technology's exceptional nanofabrication and characterization capabilities.
II.

SCOPE.
The proposed research aims to investigate novel vertically-aligned nitride core-shell devices as highly-viable replacements for current PMT technologies, with detection efficiency, responsivity, and noise comparable to state-of-the-art PMT-based detectors. The specific objectives include: 1) design and simulation of core-shell structures for realistic estimation of performance metrics achievable from such structures and further refinement of the design, 2) development of growth expertise for control of defects, dopants, and morphology in both thin films and overgrowths with an aim to improve material quality, and 3) fabrication of device structures and their extensive characterization. The emphasis of all the objectives is to investigate the feasibility of operating these structures in the impact ionization field regimes, which would produce avalanche multiplication, hence current gains required for sensitive photodetection. The challenges of operating nitride-based photodetectors at breakdown biases are two folds: materials and device-related. Both of which, we believe could be resolved by our innovative verticallyaligned core-shell p-i-n structures.
A. OBJECTIVE.
The proposed research will be focused on the demonstration of a working photodetector chip containing integrated arrays of individual core-shell PIN diodes. At the end of this program we will have demonstrated a working nanoengineered nitride-based avalanche photodiode and we will have fully characterized the device level performance of this novel structure. A natural byproduct of this development is evaluating the extent to which such photodetectors can be utilized in C-WMD applications. Significant efforts will be dedicated towards device design, materials development, development and optimization of the fabrication processes, and collection of operational parameters (dark current, quantum efficiency, responsivity, noise power, breakdown voltage) of fabricated devices. We will also consider lab-bench level integration strategies and peripheral interface electronics for future system-level integration. Our efforts will include: 1) Developing 2-D and 3-D advanced device modeling efforts using industry-standard, high performance device simulator from Silvaco TM , allowing for designing high-efficiency devices 2) Developing a strong nitride epitaxial growth program partnering with Northrop Grumman-Electronic Systems, required for the proposed novel device design 3) Wafer-scale nano-patterning with (a) control over shape and morphology, (b) defect free smooth surface of the etched side-walls and base plane, (c) ability to tailor profiles for specific designs, and (d) large-area uniformity and scalability 4) Controlled overgrowth for device structure development with dopant control 5) Complete device fabrication with various process optimization for enhanced detector performance 6) Studying the photodetector performance and reliability (parametric variations and high electric-field induced damage) in design-variants through extensive characterization
The following sections describe the approach and results obtained.
